Abstract The impact of acute brain injury and delayed neurological deficits due to cerebral vasospasm (CVS) are major determinants of outcomes after subarachnoid hemorrhage (SAH). Although hyperbaric oxygen (HBO) had been used to treat patients with SAH, the supporting evidence and underlying mechanisms have not been systematically reviewed. In the present paper, the overview of studies of HBO for cerebral vasospasm is followed by a discussion of HBO molecular mechanisms involved in the protection against SAH-induced brain injury and even, as hypothesized, in attenuating vascular spasm alone. Faced with the paucity of information as to what degree HBO is capable of antagonizing vasospasm after SAH, the authors postulate that the major beneficial effects of HBO in SAH include a reduction of acute brain injury and combating brain damage caused by CVS. Consequently, authors reviewed the effects of HBO on SAH-induced hypoxic signaling and other mechanisms of neurovascular injury. Moreover, authors hypothesize that HBO administered after SAH may "precondition" the brain against the detrimental sequelae of vasospasm. In conclusion, the existing evidence speaks in favor of administering HBO in both acute and delayed phase after SAH; however, further studies are needed to understand the underlying mechanisms and to establish the optimal regimen of treatment.
Introduction
Cerebral vasospasm (CVS) has been defined as a narrowing of major cerebral arteries that occurs on average between 5 and 15 days (peak 5-7 days) after subarachnoid hemorrhage (SAH) [1] . The occurrence of cerebral vasospasm is associated with high morbidity and mortality after SAH [2] . However, studies have found that the selective endothelin A-receptor (ETA) antagonist clazosentan does not significantly improve morbidity and mortality, even though it reduces angiographic vasospasm [3, 4] . Thorough explanation as to why clazosentan showed only limited clinical benefits in patients has been reviewed by earlier authors [2] . For one thing, treatment with clazosentan might be ineffective against the early brain injury, which greatly determines neurological outcomes after SAH [5] This early stage of injury is constituted by the change of pathophysiological factors (including raised intracranial pressure (ICP), decreases in cerebral blood flow (CBF) and cerebral perfusion pressure (CPP), blood-brain barrier (BBB) disruption, brain swelling, brain edema, acute vasospasm, and dysfunction of autoregulation) within the first 48 h after SAH [6, 7] . Considering the results of clazosentan studies, more integrative treatment strategies for vasospasm need to be explored under close hemodynamic and ICP monitoring [8] . The current clinical management of CVS includes preventive measures (e.g., nimodipine for 21 days following SAH) and several interventions for symptomatic patients, including hypervolemia, hypertension, and hemodilution (triple-H) therapy or mechanical therapies [9, 10] . Despite all these developments, CVS morbidity and mortality continue to be a significant clinical problem. However, a sizable window of opportunity for other therapies seems to exist, consistent with the fact that proximal vasospasm often starts around day 4 while clinical symptoms only develop days later [11] . In addition, therapies that produce vasodilatation of small arteries and ameliorate microcirculation may greatly alleviate neurological deficit even without reducing radiological vasospasm [9, 12] .
Cerebral tissue ischemia triggered by the initial bleeding or secondary to vasospasm is a major cause of SAHinduced brain injury. HBO treatment, which results in a relief of cerebral hypoxia, appears to be a well-suited modality for combating acute ischemia following SAH [13] . It would be reasonable to expect that HBO applied within the therapeutic window of opportunity may also protect against delayed ischemia caused by cerebral vasospasm.
This paper provides an overview of clinical and experimental studies investigating HBO treatment of SAH and the ensuing cerebral vasospasm. The number of relevant clinical studies remains limited, which is partly a consequence of insufficient preclinical testing resulting in limited knowledge of basic mechanisms underlying HBO treatment. This lack of knowledge is a major limitation for selecting optimal treatment regimen and successful translation from bench to bedside. In order to identify the areas that need further investigation, we have also reviewed the molecular pathways that can be modulated by HBO in the brain vasculature and in the cerebral tissues after SAH.
The results used for the primary analysis were extracted from studies of HBO in SAH published in PubMed and ISI up to January of 2011. There were eight clinical reports and four laboratory investigations on rats, two of which used blood injection model and the other two used a perforation model of SAH.
In the clinical studies, the main analyzed endpoints included amelioration of neurological scores and reduction of mortality as well as reversal of radiological vasospasm and alleviation of the raised ICP. The number of patients, number of HBO sessions, and the level of hyperbaria were recorded in each study. Laboratory investigations were analyzed with emphasis on the reversal of angiographic vasospasm and the reduction of acute brain injury. The impact of HBO on the functional performance of animals was also evaluated. The inclusion of masked evaluation of outcomes and randomization were considered as indices of methodological quality.
As delineated later in more detail, the results of this survey suggest that HBO can favorably modify the molecular mechanisms of early brain injury and sequelae of cerebral vasospasm; therefore, it has a potential to become a valuable treatment option for SAH patients.
Clinical HBO Treatment of Neurological Impairment and Cerebral Vasospasm After SAH
The clinical evidence in favor of HBO therapy for vasospasm is limited. A few clinical single-center studies without randomization found therapeutic benefits of HBO in SAH. Six different centers successfully used HBO for treating SAH in a total of 319 patients [14] [15] [16] [17] [18] [19] [20] [21] . Positive neurological outcomes after HBO treatment were found by two studies of surgically treated aneurysm cases [16, 20] . In the study conducted by Isakov et al. [16] , 47 HBO-treated patients (6-15 sessions at 1.6-2.0 atm absolute (ATA)) showed a shortened duration of critical condition and relief of neurological symptoms after operations on the cerebral vessels because of ruptured aneurysms. The majority of 56 neurosurgical patients treated by Ugruimov etal. [20] showed amelioration of neurological deficits, whereas patients enrolled by Kitaoka et al. [21] improved mentally with HBO treatment after surgeries on aneurysms of the anterior communicating arteries This particular result is of paramount clinical importance as cognitive dysfunction affects up to 60% of SAH survivors [22] . Koshi et al. [15] found good outcomes in 12 out of 24 patients with symptomatic cerebral vasospasm treated with HBO (2-21 sessions for 60 min at 2.5 ATA) in addition to mild hypertensive hypervolemia. Ohta et al. [18] reported that HBO (2 ATA) reduced ICP in 19 patients with SAH. The same group found an improvement of somatosensoryevoked potentials in HBO-treated (2 ATA) mild SAH cases, although in patients with moderate to severe neurological symptoms, the improvement was found less frequently [19] . Levina et al. [17] studied the effect of HBO (6-15 sessions at pressure of 1.2-1.6 ATA) on 110 cases of aneurysm clipping surgery after SAH and found a reduced ischemic lesion size and the alleviation of edema on CT scans in the majority of patients. The authors of a recent review suggested that HBO exerts a beneficial effect on the penumbra in the ischemic brain regions and advocated the addition of HBO to triple-H therapy [23, 24] .
Although the triple-H therapy improves CBF after SAH, it reduces the capability of blood to carry oxygen due to hemodilution. Moreover, in the ischemic regions of the brain, the occurrence of plasma flow without erythrocytes through the cerebral capillary vessels is already increased [25] . HBO may overcome this drawback of triple-H therapy by increasing the quantity of oxygen physically dissolved in the plasma. It has been suggested that maximizing oxygen delivery carries a potential to prevent neurological injury from delayed cerebral ischemia after SAH in patients with anemia [26] . HBO could be considered as the alternative of red blood cell transfusion administered to increase oxygen delivery in anemic patients after SAH. In conclusion, the level of evidence from the existing clinical studies of HBO in SAH can be classed as insufficient. The prospective randomized clinical trials on the subject are not available. It would be necessary to perform meaningful randomized clinical studies before HBO could be applied in standard care of SAH.
Another important question-whether normobaric oxygen (NBO) can be as effective as HBO in the treatment of CVS-has been addressed experimentally. Kocaoagullar et al. [27] compared NBO versus HBO treatment of rats with cerebral vasospasm after SAH and found that NBO was less effective in ameliorating neurological deficits associated with CVS. Interestingly though, despite improved neurological severity score, the authors did not find significant changes in the diameter of basilar artery in response to HBO treatment. However, the authors adopted a relatively mild treatment regimen of only one HBO session at 3 ATA and 1-h duration. Thus, the effect of HBO on the severity of angiographic spasm needs to be further investigated with the use of repeated HBO sessions and different levels of hyperbaria. In different experimental systems, HBO was shown to ameliorate both the vasoconstrictive and vasodilatory capabilities of the blood vessels, which stresses the potential of HBO for vascular protection in SAH considering that both the vasoconstrictive and vasodilatory capabilities of cerebral blood vessels are impaired after hemorrhage. For example, in the rat multiple organ failure syndrome, HBO (2 ATA at the 4th and 11th hours after study onset) improved both contraction of arteries in response to endothelin-1 (ET-1) and vasodilation induced by acetylcholine. These findings may suggest that HBO reduces vascular injury, which in turn results in an improved functionality of cerebral vessels [28] . This may point toward the potential of HBO for vascular protection in SAH considering that both the vasoconstrictive and vasodilatory capabilities of cerebral blood vessels are impaired in this type of hemorrhage.
HBO and Mechanisms of Prolonged Vasoconstriction
Several mechanisms underlying prolonged vascular spasm may be considered as targets for HBO treatment and are outlined below. ET-1 is a major vasoconstrictor that induces cerebral vasospasm following SAH. HBO has been shown to reduce brain edema, decrease infarct volume, and contribute to neurological functional recovery in the focal brain ischemia caused by cerebral infusion of ET-1. The impact on ET-1-induced arterial narrowing, however, has not been determined [29] . Therefore, it cannot be excluded that the beneficial effect of HBOT on ET-1-induced ischemia is due to effects other than an antagonistic action on vasospasm. In addition, the concentrations of ET-1 that induce ischemia in experiments are by magnitudes higher than those measured in SAH patients [30, 31] . It may suggest that ET-1 is potentiated by other factors playing a consistent pathophysiological role in the development of vasospasm [31] . However, another plausible explanation is that not only the level of ET-1 but also an increase in the vascular density of ET and 5HT1B receptors underlie vascular narrowing after SAH [32] . The levels of ET-1 nearly equivalent to physiological levels are sufficient to induce submaximal contraction of cerebral arteries excised from rats after SAH [33] . It is also known that ischemia upregulates endothelin receptors in the brain [34] . Thus, it may be hypothesized that hyperbaric oxygen can antagonize the vasoconstrictive propensity of cerebral vessels after SAH by alleviation of ischemic condition with subsequent reduction in the ET receptor upregulation, which, however, requires experimental verification.
Protein Kinase Pathways
In the acute phase, cerebral vascular spasm occurs through a calcium-dependent mechanism. In response to hemoglobin exposure, the intracellular level of calcium increases and drives myosin light chain kinase (MLCK) to phosphorylate the myosin light chains, which produces transient contraction. However, the mechanism of the prolonged phase of vasospasm is largely calcium-independent. Near resting levels of calcium were detected during protracted vasospasm [5] . This phenomenon can be caused by calcium sensitization [35] mediated by several kinases acting in concert with ET-1 released by endothelial cells, astrocytes, and leukocytes in response to hemoglobin and acute cerebral ischemia. ET-1 in general produces lasting receptor stimulation. Hirata et al. [36] first demonstrated that ET-1 can occupy its receptors for up to 48 h.
The major involvement of Rho A kinase in the process of prolonged contraction has been also postulated [37] . ET-1 activates Rho A, which in turn activates Rho kinase. The activated Rho kinase interacts with a MLCK via the stimulation of protein kinase C (PKC) that inhibits myosin phosphatase [37] . This leads to the increased phosphorylation of myosin light chains, resulting in prolonged contraction without elevation in intracellular calcium [38] . Interestingly, HBO has been found to reduce levels of Rho A in the brain [39] . Normobaric oxygen may lower the effect on the PKC, as shown in cultured alveolar cells [40] and in the mouse lung endothelial cells [41] . The pivotal role of PKC in the mechanism of vasospasm has been reviewed [42] .
Protein tyrosine kinase (PTK) also plays an important role in the mechanism of vasospasm [43] . Studies have shown that the major causative mechanism of CVS shifts from PKC to PTK during the prolonged phase of arterial narrowing, which corresponds to a progression from the active myogenic tone to the non-myogenic tone [43] . Interestingly, the low level of oxidative stress has been shown to inactivate the Src family tyrosine kinases in human umbilical vein and aortic endothelial cells and in fibroblasts [44] . Src kinase, with its downstream effector mitogen-activated protein kinases (MAPK), has been implicated in CVS after SAH [45] . It should be stressed, however, that protein kinases play a role of enhancers or mediators of vasospasm rather than agents that can maintain vasospasm through perpetual activation. Several studies showed that the inhibition of kinases may attenuate but not prevent vasospasm [46, 47] . In contrast, the surgical evacuation of subarachnoid hematoma, especially within 24 h of SAH, was able to prevent cerebral vasospasm that otherwise develops in response to spasmogenic compounds released by lysed blood [48, 49] . This suggests that subarachnoid clot lysis and evacuation may be required for the full therapeutic benefits of HBO to develop (Fig. 1) .
Oxidative Stress After SAH The reactive oxygen species (ROS) produced from enzymatic sources and formed during hemoglobin autoxidation constitute a major etiologic factor underlying the development of cerebral vasospasm after SAH. Concordantly, antioxidants have been shown to attenuate arterial narrowing in experimental SAH produced by autologous blood injection [50, 51] . There have been several mechanisms proposed to explain how ROS may contribute to cerebral vasospasm after SAH. ROS oxidize bilirubin to bilirubin oxidation products (BOXes) [49] . BOXes inhibit eNOS and, due to the reduced availability of NO, impair vasodilation mechanism. Nitric oxide is a major vasodilator produced principally by endothelial cells and acts through the stimulation of guanyl cyclase that produces cyclic guanosine monophosphate with subsequent dephosphorylation of myosin light chains [52] . Therefore, the endothelial dysfunction and, more so, injury resulting in the reduction of NO level may contribute to vascular constriction after SAH. In addition, reactive oxygen species, together with thrombin and clotting cascade components, stimulate the production of 20-hydroxy-eicosatetraenoic acid, a vasoconstrictor metabolite of arachidonic acid which blocks calcium-activated potassium channels, thereby leading to a decrease in cerebral blood flow after SAH [53] .
One of the major sources of free radicals after subarachnoid bleeding is NADPH oxidase-producing superoxide. The superoxide radical can combine with nitric oxide to form peroxynitrite, which targets nitric oxide synthase (NOS) [54] . HBO (2.8 ATA for 2 h) has been shown to inhibit NADPH oxidase activity/expression and reduce the level of lipid peroxidation products in the cerebral tissues after SAH [55] . The pharmacological inhibitors of NADPH oxidase, diphenyleneiodonium and apocynin, potently reduced cerebral vasospasm in the rat model of SAH [56, 57] . However, the specific effect of HBO on NADPH oxidase in vascular tissues awaits investigation.
The reduced bioavailability of NO can be also caused by the negative regulation of NOS by PKC activated after SAH [58] . Furthermore, the depletion of nitric oxide occurs due to scavenging by hemoglobin (sink effect) and the damage of nitric oxide-secreting cells in the vascular adventitia [11] . As shown by the studies of pulmonary circulation, HBO can attenuate vascular constriction by inducing extra-endothelial nitric oxide production [59] . Microdialysis analysis revealed that HBO induced nitric oxide production in brains of experimental animals, which may result in the elevated CBF upon prolonged HBO exposure [60] [61] [62] .
Although HBO appears to have a beneficial impact on oxidative stress after SAH, it has been shown to amplify iron-induced brain edema in the setting of experimental [63] . These finding may suggest that HBO enhances oxidative stress in the presence of lysed blood clot in the cerebral tissues. Therefore, the use of HBO should be considered cautiously in patients with SAH extending into brain parenchyma.
Anti-apoptosis for Cerebral Vasospasm SAH triggers a cascade of molecular events leading to endothelial apoptosis [64] . The expression of active caspase-3 and the presence of DNA strand breaks have been detected in endothelial cells of spastic cerebral arteries after experimental SAH [64] . Electron microscopic investigations revealed apoptotic changes in endothelial cells of cerebral arteries collected from a patient who died after suffering severe CVS caused by aneurysm rupture [65] . The loss of endothelial cells producing nitric oxide can affect the fragile balance between vasoconstrictors and vasodilators acting on the vascular wall. Studies have shown that the endothelial injury after SAH is associated with inflammatory mediators. Tumor necrosis factor α (TNF-α) and interleukin-1β (IL-1β) have been shown to exert a pro-apoptotic effect on cultured cerebral microvascular endothelial cells [66] . In the experimental settings, caspase inhibitors have been shown to attenuate CVS after SAH and to reduce levels of inflammatory mediators including IL-1β [67] . Other studies further corroborated these results by showing that treatment with a broad caspase inhibitor decreased TNF-α expression in arterial wall and attenuated CVS [64] . The beneficial effect of HBO on apoptosis in the brain after SAH has been demonstrated by one group of investigators. HBO (2.8 ATA for 2 h) given at 1 h after SAH reduced neuronal apoptosis and diminished BBB disruption, which suggests both neuroprotection and reduced damage to the endothelial cells [13] . Even though this study did not investigate the specific effect of HBO on endothelial apoptosis after SAH, the results from different experimental systems seem to be favorable. In the ischemic wound model, the cleaved caspase-3 expressed predominantly in the endothelial cells within injury significantly decreased after HBOT (2.4 ATA for 90 min daily for 14 days) [68] . In addition, one research group demonstrated that in human microvascular endothelial cells, HBO (2.4 ATA for 1 h) activated genes encoding antioxidant and detoxifying enzymes and factors essential for endothelial cell survival [69] . Another laboratory investigation has found that even 15 min of HBO exposure (2.4 ATA) potently stimulated the proliferation of cultured endothelial cells [70] , which might also indicate the potential of HBO for regeneration of injured endothelium in the spastic cerebral arteries.
When the layer of endothelial cells is damaged, the underlying vascular smooth muscle cells are exposed to intraluminally acting spasmogens like ET-1. In addition, ET-1 released by invading mononuclear leukocytes may exert a potent vasoconstrictive effect abluminally. Therefore, studies of vasospasm antagonism with HBO treatment should evaluate several possible mechanisms, including protection against endothelial cell loss, anti-inflammation, as well as preservation of nitric oxide-releasing neurons in the adventitia of conductive arteries targeted by oxyhemoglobin after SAH [71] .
Inflammation and Cerebral Vasospasm
Brain inflammation plays an important role in the development of cerebral vasospasm after SAH [72, 73] . The extravasated blood induces local inflammatory reaction in the closest vicinity of cerebral arteries. In this setting, cerebral vasospasm develops in response to spasmogens such as ET-1 released from invading leukocytes [74] or thromboxane A2 and serotonin, both released from platelets [75, 76] . It has been demonstrated that SAH increases the tissue expression of several inflammatory mediators, including intercellular adhesion molecule 1 (ICAM-1) and TNFα, in proximity to extravasated blood [77] . From clinical studies and laboratory investigations comes an indication that HBO treatment carries a potential to attenuate cerebral sequelae of vasospasm via its antiinflammatory properties. HBO has been shown to reduce E-selectin blood levels in patients undergoing cardiopulmonary bypass [78] . This soluble cell adhesion molecule plays a principal role in the development of cerebral vasospasm [79] . HBO may also target other proteins participating in cell adhesion that have been implicated in the mechanisms of CVS. Here belong ICAM-1, CD18, and L-selectin, all found elevated after SAH [80, 81] . In the endothelial cell injury model in vitro, HBO reduced ICAM-1 level along with polymorphonuclear leukocyte adhesion. Increasing oxygen pressure showed an incremental suppression of ICAM-1 expression, with the strongest inhibition seen at 2.5 ATA for 90 min. This effect was mediated through the induction of eNOS [82] . In the setting of cerebral vasospasm, inhibition of adhesion molecules by HBO might reduce recruitment of leukocytes releasing spasmodic mediators into the perivascular space of cerebral arteries. Resident brain inflammatory cells, however, can also be kept in check with this treatment. It has been demonstrated that HBO reduced microgliosis and enhanced astroglial response to experimental ischemia, thus producing a brain protective effect by this mechanism [83] .
HBO-Induced Neuroprotection in SAH
It has been postulated that the severity of the acute brain injury will have a profound impact on delayed vasospasm and long-term outcomes after subarachnoid hemorrhage [2] . Several MAPK-including ERK1/2, JNK, and p38, with known roles in the development of vasospasm-were found activated in both brain parenchyma and cerebral vascular tissues acutely after SAH [7] . One study found activated JNK in the cerebral vessels both on days 1 and 7 after SAH [47] . These findings may indicate that JNK activation is required but alone is not sufficient for the development of arterial spasm, which usually does not occur on day 1. Treatment with JNK inhibitor SP600125 reduced angiographic and morphological vasospasm after SAH [47] . Other authors recently demonstrated that HBO produced a lowering effect on JNK activation in the injured brain [84] . Collectively, these findings may suggest that it would be worthwhile to test the effect of HBO on the JNK MAPK pathway in the brain after SAH in the setting of ensuing CVS.
Acute Cerebral Ischemia
Except for minor leaks, SAH has a profound ischemic impact on the brain [85] [86] [87] . It has been clinically demonstrated that SAH decreases brain tissue oxygen pressure and pH [88] . The acute cerebral ischemia after SAH has a protective aspect as it can reduce bleeding into the subarachnoid space. However, if the ischemia is prolonged beyond several minutes, it can trigger an injurious cascade of molecular events orchestrated by hypoxia inducible factor-1 (HIF-1) [13, 89] . HIF-1 consists of regulatory α-subunit and constitutively expressed β-subunit (aka aryl hydrocarbon receptor nuclear translocator) [90] . The excessive activation of HIF-1 results in the overexpression of its target genes such as vascular endothelial growth factor (VEGF), responsible for increased BBB permeability, or BCL2/ adenovirus E1B 19-kDa protein-interacting protein 3 (BNIP3) and Nip3-like protein X, both mediating apoptosis [91] . Thus, the hypoxic brain injury at the onset of SAH can induce apoptosis of endothelial cells in large arteries by the activation of HIF-1α and BNIP3 [92] . In addition, the pro-apoptotic p53 protein, known to be stabilized by HIF-1α, has been found upregulated after SAH [93] . Since p53 was found elevated in the vasospastic basilar arteries, it has been suggested that p53 may play an important role in the etiology of vasospasm with relation to SAH [85] . The results of other studies may also lend support to the hypothesis that HIF-1α plays an important role in CVS mechanisms. Rats treated with the HIF-1α inhibitor, 2-methoxyestradiol (2ME2), showed reduced expression of VEGF, BNIP3, and proliferating cell nuclear antigen in the basilar arteries. This change was associated with attenuation of vasospasm in the basilar artery after SAH [94] . The same group showed that cerebral vasospasm can also be reduced through pharmacological inhibition of p53 [95] .
In the rat endovascular perforation model of SAH, a single HBO treatment (2 h, 2.8 ATA) decreased the level of HIF-1α and its downstream genes, including BNIP3 and VEGF, in cerebral tissues, resulting in amelioration of brain injury and improved functional performance of experimental rats [13] . It is reasonable to hypothesize that p53 and several other HIF-1 downstream targets contributing to delayed vasospasm may be targeted by HBO treatment. Studies have shown that HBO can disrupt protein interactions between HIF-1α and p53 in the neonatal brain challenged by hypoxia [96] .
The mechanisms responsible for the acute transient cerebral ischemia after SAH have been reviewed [6] . Given the complexity of these mechanisms, it appears that HBO could combat ischemia not only by increasing oxygen delivery. HBO possesses fibrynolytic properties [97] which could oppose intravascular blood clotting associated with cerebral microcirculation compromise after SAH. The coagulation disturbances develop the moment blood reaches the subarachnoid space [97, 98] . HBO has also been suggested to speed up heme breakdown owing to the induction of heme oxygenase-1 in different experimental systems [99, 100] .
Cortical Spreading Depression
The aggravation of ischemic brain injury after SAH can occur due to cortical spreading depression (CSD) characterized by periodically generated waves of cortical depolarization accompanied by decreases in CBF. The presence of both events has been detected after SAH [101] . Their propagation in the cerebral cortex may exacerbate ischemic lesions formed as a result of arterial narrowing. The microarterial spasm and cell necrosis caused by CSD may further aggravate the neurological status of SAH patients [102] . Several factors inducing CSD have been identified in experimental studies including ET-1, oxyhemoglobin, and potassium ions [103] . In addition, one of the major triggers for CSD is a decrease in activity of Na + /K + -ATPase. It has been demonstrated that even its incomplete functional inactivation can cause SD-like anoxic depolarization in the hippocampus [104] . Interestingly, SAH decreases Na + /K + -ATPase activity in the synaptosomal membranes, collected 2 h after the induction of subarachnoid hemorrhage [105] . In an attempt to preserve the enzymatic activity of Na + /K + -ATPase in experimental SAH, Yufu et al. [105] used HBO at 2 ATA for 1 h, started at 30 min after hemorrhage induction. HBO significantly ameliorated a decrease in Na + /K + -ATPase activity, which allowed authors to suggest that HBO may be considered as a beneficial treatment for subarachnoid hemorrhage.
Discussion and Future Perspectives
In this paper, we have reviewed the clinical use of HBO for SAH and outlined the underlying molecular mechanisms investigated for the most part in neuroscience laboratories. The lack of long-term outcomes appears to be the major shortcoming of laboratory investigations. Although randomization was performed in all experimental studies, blinded evaluation was reported only in one instance. The negative studies were not available either for clinical or laboratory investigations, which may suggest that publication bias has occurred.
In addition, the translational significance of laboratory investigations of SAH remains uncertain. First, it is difficult to assess the impact of early brain injury on the development of vasospasm because animal models that accurately replicate both components are lacking [106] . The rodent and canine models producing vasospasm without early neurological deficits do not resemble human SAH where acute brain injury is always present. On the other hand, rat models of early brain injury after SAH can induce only a mild vasospasm inasmuch as the acute brain injury will rather activate molecular factors predisposing vascular tissues to contraction. The new animal model that combines early brain injury and cerebral vasospasm could include endovascular perforation or transient cerebral ischemia followed by a controlled blood injection. The characteristics of vasospasm in such model could be compared to those in blood injection models of SAH in order to dissect the effect of early brain injury on cerebral vasospasm.
There is also a lot of uncertainty about how HBO targets the mechanisms of SAH-induced brain injury and CVS at the molecular level. Although it has been suggested that HBO reduces early brain injury through the downregulation of HIF-1α and its targets [13] , a recent paper has shown that elevated brain level of HIF-1α by deferoxamine treatment was associated with reduced arterial narrowing after experimental SAH [89] . However, as mentioned earlier, it has been demonstrated that the HIF-1α inhibitor, 2ME2, was able to reduce cerebral vasospasm [94] . These somewhat conflicting data make it difficult to draw conclusions on the role of HIF-1α in cerebral vasospasm and to establish the optimal regimen of treatment. In addition, while a single HBO session has been shown to reduce HIF-1α levels in the brain [107] , repeatedly administered HBO can increase HIF-1α levels in cerebral tissues [108] , possibly due to inhibitory action on prolyl hydroxylases (Fig. 2) [109, 110] . Hence, the induction of HIF-1α has been proposed as a major mechanism in HBO preconditioning [108] . Additionally, the role of HIF-1 in brain injury appears to be two-faceted, depending upon the level of its activation [111, 112] . HIF-1 inhibitor study used an endovascular perforation model of SAH that results in highly elevated HIF-1α levels. In such setting, 2ME2 might reduce excessive HIF-1 activation with a subsequent downregulation of pro-apoptotic genes such as BNIP3. On the other hand, deferoxamine study used a blood injection model which by itself causes only a minute increase in the brain stem levels of HIF-1α. In this particular model, deferoxamine could trigger adaptive HIF-1α response, which, through the induction of anti-vasospasm genes like erythropoietin (Epo), attenuated cerebral vascular spasm [89, 113] .
One of the gaps in our current knowledge includes the effects of high partial pressures of oxygen on the ionic channels involved in the prolonged vascular smooth muscle contraction that remain poorly understood. After SAH, both potassium and voltage-dependent calcium channels become dysfunctional [114, 115] . Studies suggest that the increased activity of calcium channels and the suppression of potassium channels may play a role in arterial spasm. Ishiguro et al. [116] have found that oxyhemoglobin suppresses voltage-dependent potassium channels in the rabbit cerebral arteries. Of note is that there is little change in the expression of calcium-activated potassium channels after SAH in laboratory dogs, whereas a significant decrease in voltage-gated potassium channels occurs in the arterial smooth muscle cells due to the impact of the oxyhemoglobin [117] . Hyperbaric oxygen treatment can cause opening of mitochondrial ATP-sensitive potassium channels, thus inducing a neuroprotective effect in the brain targeted by ischemia [118] . The same phenomenon underlies the protective mechanism triggered by oxygen treatment of myocardial injury [119] . However, interactions between oxygen and the ionic channels of cerebral vascular smooth muscle cells after SAH await investigation. To this end, it would be worthwhile to examine the effects of HBO on the capacitative calcium entry, which is one of the mechanisms of prolonged smooth muscle contraction. Capacitative calcium entry follows the depletion of intracellular calcium stores, which activates calcium-permeable store-operated channels (SOC) in the plasma membrane [120] . Zuccarello [121] , trying to decipher the mechanism underlying the maintenance of chronic spasm, first suggested that the entry of extracellular calcium into smooth muscle cells may in part be mediated by SOC. Thus, in-depth studies of ionic currents upon HBO treatment are warranted.
Recent reports may suggest yet several other research directions for applications of HBO in the acute brain injury and cerebral vasospasm after SAH. Studies have shown that HBO treatment can diminish the activation of matrix metalloproteinases (MMPs) in the brain. Vetkamp et al. [122] showed reduced serum MMP-9 levels associated with BBB protection following HBO treatment after focal cerebral ischemia. Interestingly, raised serum level of MMP-9 is an important predictor of cerebral vasospasm after aneurysm rupture [123] . Furthermore, Ostrowski et al. [124] showed that preconditioning with HBO reduced ischemic MMP-9 activation. Although the effect of HBO on MMP-9 in SAH has not been specifically studied, the same research group found protection of the BBB with this treatment [13] . Therefore, further studies of HBO on the neurovascular unit after SAH are warranted.
The rescue of vasospasm-induced neurological damage is the major challenge for which the preconditioning approach has been recently advocated [125] . Preconditioning could render cerebral tissues resilient to the delayed brain injury caused by vasospasm. However, hypoxia does not seem to be an optimal preconditioning modality due to a risk of inducing harm to vulnerable patients [126, 127] . In contrast, HBO offers a safer approach and may provide double benefit by combating ischemic brain injury and preconditioning cerebral tissues against the anticipated vasospasm (Fig. 3) . Hypothetically, HBO could also precondition cerebral arteries and render them resistant to the detrimental impact of SAH. As demonstrated by Iadecola and colleagues, LPS preconditioning had a beneficial effect on the neurovascular function and ameliorated CBF in the ischemic territories after MCAO [128] . It is, however, unclear to what degree HBO can emulate the protective effect of vascular conditioning induced by other modalities. Recently, however, one research group found the upregulation of molecular chaperones and several genes of the nuclear factor E2-related factor 2 (Nrf2) pathway in human microvascular endothelial cells subjected to HBO under conditions that approximated clinical settings (2.4 atm for 60 min) [129] . Pathways other than HIF-1 or Nrf2 can also condition endothelial cells in response to HBO. For example, HBO induces VEGF in the endothelial cells through ERK, JNK, and c-Jun/AP-1 action, which has been implicated in stimulating angiogenesis [130] . JNK is an established mediator of preconditioning in a variety of experimental settings [131] [132] [133] . In summation, these data may suggest that HBO preconditioning is capable of stimulating neurovascular protection and repair of the endothelium in cerebral vasculature [129] .
Conclusions
Recently, prominent SAH investigators advocated a "new world of thought" for understanding the mechanism of cerebral vasospasm [11] . The proposed novel therapeutic targets include early brain injury and cortical spreading depression, which contribute to the mortality and morbidity after SAH. In that regard, HBO is a reasonable treatment option with a proven ability to ameliorate early brain injury after SAH. The major hurdle in preclinical SAH research is the lack of animal models that combine acute brain injury and cerebral vasospasm [106] . Consequently, HBO has been evaluated either exclusively in the acute phase of brain injury or after the induction of cerebral vasospasm. Noticeably though, HBO treatment appears to be beneficial in both stages of SAH-induced brain injury. Fig. 3 HBO preconditioning hypothetically for subarachnoid hemorrhage (SAH) and cerebral vasospasm. In addition to the treatment of SAH-induced brain injury, hyperbaric oxygen (HBO) is proposed that could be used as a preconditioning modality against anticipated CVS. The induction of preconditioning effect may require repeated HBO exposure, which needs to be taken into consideration when devising treatment regimen In summary, the beneficial effects of HBO in SAH may occur through: (1) ameliorating acute brain ischemia and injury to the cerebral vessels, (2) preconditioning cerebral and vascular tissues before cerebral vasospasm develops, and (3) reducing neurological deficits caused by vasospasm. However, due to the paucity of relevant clinical and experimental studies, the role of HBO in the treatment of cerebral vasospasm remains elusive. Further studies are required to determine whether HBO exerts an antagonizing effect on CVS and to better understand the mechanism of HBO treatment in SAH.
